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Optimum proportions of tapered wings were investigat-
ed by a method that involved a comparigon of wings de-
signed to be asrodynamically equal. The conditions of
asrodynamic equality were equality in stalling speed, in
induced drag at a low speed, and in the total drag at
cruising speed. After the wings were adjusted to aerody-
nanlec equivalence, the weights of the wings were calcu-
lated as a convenient method of indicatling the optimum
wing. The merocdynamic characteristics were calculated
from wing theory and test data for the airfoil sections.
Various combinations of washout, camber increase in the
airfoil sections from the center to the tips, and sharp
leading edges at the center were used to bring about the
desired equivalence of maximum 1lift and center—~stalling
characteristics.

In the calculation of the welghts of the wings, a
simple %typre of spar structure was assumed that permitted
an integratlion across the span to determine the web and
the flange weights. The covering and the remalning weight
were taken in proportion to the wing area. The total
weights showed the wings with camber and washout to have the
lowest weights and indlcated the minimum for wings with a
taper ratio between 1/2 and 1/3.

IHTRODUCTION

Many investigations have been made of the aerodynamic
and the structural aspects of tapered wings with a view to
finding the best taper ratio. Investigations of taper
ratio are repori%ed in referencesg 1 and 2. A genseral dlis-
cussion of tapered wings is given in reference 3. Althousgh
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drag and weight were considered ixd ‘references 1 and 2, the
effect of taper ratio on the maximum 1lift and the manner
of stalling of wings was not considered. The effect of
taper ratio on the meximum 1ift is considerdadle. The tip
stall that usually results from the use of tapered wings,
moreover, evidences itself ag instability 'in roll at an-
gles of attack less than that corregponding to the maxlmum
lift coefficlient. This condition is generally recognized
as undesirable from the point of view of handling charac-
terisgtices in low-gvpeed flight.

It is accordingly consgidered herein that wings should
be desizned to avold tip stalling. With this point of view,
. wings .of different taper ratioc were deslgned to be amerody-—
namicelly equal; that is, equal in sfalling speed, in in-~
duced drag at & low speed, and in total drag at crulsing
speeds The welghts were then calculated to indicate the
"optimum" wing {the wing of lowest weight).

. In the calculation of the maximum 1ift, the areas were
so obtained that they spproximate the values which would be
required by wings with full-span flaps., The effect ,of
rartdal-span flaps was not considered.

Wings with taper ratios of 1/2, 1/3, and 1/4 were con-
sldered for a large airplazne. In the determination of the
maximum 1ift coefficients, a margin against the stalling
of the tips was specified, JFor the three.taper ratios the
stalling of three sets of wings was consldereds wings wilth
no washout or camber increase in the airfoil sections from
center to tip (referred to as the "basic" series, to be de-
geribed later); wings with washout; and wings with washout
and camber increase from center to tips. TFor each of the
three sets of wings, lift-spoiling devices, such as sharp
leadlng edges, were assumed at the center of the wings to
make up the reguired balance of the margin against stalling
of the tips. This procedure ieg practically equivalent to
increasing the 1ift by the use of leading-edge slots over
€ll of the span except for a small portion of the center.
The comparative effects of washout and cembser should there-
fore be nearly independent of whether the 1lift 1s decreased
a2t the center or increased at the tips.



NeAeCosh., Tochnical Xote No. 713 3
ASSUMPTION FOR THE AERODYNAMIC CALCULATIONS

The wings had straight tapers and rounded %ips and
were of a size suitable for a four-—-engine airplane of
64,000 pounds gross welsght with a wing loading of approxi~
mately 30 pounds per square foot. The tip chord of the
trapezold enclosing the rounded tips was used to define
the taper ratio, 2s in reference 4, The distribution of
thickness along the span and of camber and washout, whon
they wore used, was linear, A thickness ratio of 0.09 was
taken for the airfoil sections at the tips. A4 basic wing,
used to determine the gerodynamic values %o be equaled by
the other wings, had a root thickness ratio of 0,14, an
area of 2,200 square fest, a taper ratioc of 1/3, and a
span of 138.2 feet. The method of calculating the dimen—
sions of the other wings will be given later., The symbols
used are listed in an appendix,

Prevention of Tip Stalling

For the first series of wings of varying taper ratio,
the method for prevention of tip stalling was the use of

sharp leadinz edges to reduecs ctmax at the center of the

wings. Thisg series of wings was called the basic series
because it included the basic wing of taper ratio 1/3 used
to establish the aerocdynamic values., The N.A.C.A. 230 se-
ries airfoll sections listed in table I were used.

For a gecond series of wings, washout was used; anrd,
for the third series, washout was combined with an increase
in camber of the airfoil sections from center to tips. The

inerease 1in camber produces an increase in the ey, x of
ma,

the sections near the tips and thereby causes the stalling
point to move inward. For the wings with washout, small
amounts of washout were used to prevent excessive lncrease
in the induced drag. Sharp leadling edges at the center of
the wings were then used to make up the balance of the mar-
gin regqguired ageinst stalline of the tips. The case of
taper ratio 1/4 was omitted for the series with washout
alone because too thin a wing would have resulted.

For all the wings, in order to insure the svoldance
of tip stalling, a certain’ ey, marsin was specified at

0.7 b/2 when Crp,x Was reached., (See fig. l.) The mar-
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gin requlired depended on the calculated spanwise position
of the stelling point witheut sharp leading edges. This
polnt occurred where = ¢y ocurve corregponding to the

spanwige load distridbution bocame tangent to the Y pax

curve, as outlined in detail in reference 4. TWhen this
stalling point was at or inside 0.7 b/2, the cy margin

at 0.7 b/2 was taken as 0.1, When it was outeide 0.7 b/2,
the margin was increased in the ratio of the distance from
the center of the wing to 0.7 b/2. The provision of this
amount of mergin when stalling started at the center gave
a calculated vositive damplnzg in roll at the stall that
should prevent suddey dropping of & wing.

Conditions of Aerodynamic Equality

For the firegt of the conditions of aerodynamic equal-
ity, equal stalling speeds, plain airfoil sections wsre
aggumed when CLmax was computed because of the avallabil~

ity of the 3 AN data, The Reynclds Number at stalling

speed was made to fall within the usual range for an air-
plane of the size assumed by basinzg it on the stalling
speed with flaps, so that the wings had approximeately the
same areas &g wings with full-gpan flaps. That the condi-
tion of stalling-speed equality would not be appreciably
altered by considering the wings to have fullwespan flaps
was verified fronm figure 60 of reference 5, which gives
the Y e, increments produced by flaps. (The range of

the average thickness of the wings was small,)

2Wg
p S cha.x
and Wg wag fixed, the stalling-apeed condition required
that the product Schax for each wing be equal to the

As the stalling speed Vg 1is equal %o

product for the basic wing (taper ratio 1/3).

The. second condition was that the induced drags should
bes equal at o speed corresponding to a Cp of L.Q for the

basic wing (low-speed condition). The induced drag rather
than the total drasg was used because the induced drag was
nearly all of the drag and was relatively easy to calcu-
late. The indpced drag, with the effect of twist €¢ inw
cluded, may be found fron
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Wga ) 2
Di=——?""—+wg€aov+qs(€a‘°)w (l)

Qb u -

or the spans required to make the induced drags equal may
be expressed S . : _ .

/ up Dy,
= / - (2)
b u[Dib-Wgeaov-qS(eao) w ]

where the subscript b refers $o the basic wing, and

Di = 3 (5)
b g 7T by Uy

Equation (3) is equation (1) with the last two terms omit-
ted because the basic wineg has no twist. These egquations

were derived from the formuls for cDi given in referencs
4, '

The third condition, equal eruising speoeds, was satig-
fied by making the drags equal at crulsing speed, as the
power was assumed constant. Cruising speed corresponded to
a Gy of 0.3 for the basic wineg,

METHOD OF CALCULATION

Proportions and Aerodynamic Characteristics

The method used for caleculating GDO, and the

C, ,

mnax
other sercdynamic characteristics of the wings has been
found to give results that asgree well with test results
(references 4 and 6).

The method of calculating the maximum 1ift coefficlent
for the baslic wing is illustrated in figure 1. TFor this
wing, ey = ¢y because there is no washout and therefore

a

ctb = 0. Stalling was caleculated to occur without any sharp
leading edge at 0.7 b/2; that is, Y, would reach

cy
mnax
first at the 0,7 point. (See reference 4 for a detailled
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explanation.,) A value .of °y, of 0.1 less than the

2 at ¥ = 0.7 /2 (cy ') was then the 1ift coeffi-
nax ) a

cient corresponding to GLmax' Numerically, chax =

/e, ., where ey, was taken at ¥y = 0.7 b/2. The
a1 a1

values of ctmax at the center of the wing were then con=

sidered to be reduced by a shﬁrp leading edge t0 the val-
ueg of ¢y » &as shown, so that stalling would begin at
a

the center of the wing. The wvalues of ctmax used for

calculating chax for this wing were taken from reference
5.

The value of the induced drag at the low-specd condi-
tdon for the basic wing, Dib’ to be used in finding ¥%he

spans of the other wings was calculated from equation (3).

The drag of the basic wing at cruiging speed was cal-
culated in terms of ¢q in the form :

= = o == ’ 4)
q q (

ey

The value of D,/q¢ was calculated for a 0O of 0,3 and

for the cruilsing-speed Reynolds Number (as outlined in
reference 4) by a2 graphical integration along the epan of
the section drags from

D, :
a—-—- =J Gdo c dy (5)

The wvalues of cdo were taken from reference 7 for the

basic wing as well as for the others. The value of Ds/q

was calculated from equation (5) for a wvalue of q corre-
sponding to the crulsing speed.

With the values for the basic wing established, equal
values for the other wings were found by succesegive approx-
lmations., For the other two wings of the basic series, a
root thickness and an area were assumed that, it was hoped,
would produce the desired characteristics. An approximate



N.A.C.A. Technical Noite No. 713 7

span was then found from egquation (2) so that ¢ and cq
a

could be found. For these values, . was-then calcu-

O,
max
lated in the same manner ag for the basic wing.

For the wings with washout and wifh washout and cam~
ber increase, airfoll sections and washout were assumed.
The value of OCf - was then calculated as for the basic

na, :

wing, except that c;b due to washout wasg combined with

GL& to obtain ey, as shown in figure 2.

From the valueg of GLﬁax for the wings, a more accuw

rote valus of S was found for -esch wing to obtain a prod-
uet of S and chax equal to the value for the basilc

wing, The approximate span was used to calculate the as—
pect ratio so that the induced~dragz factors w, v, and W
could be found from reference 4. A more accurate value of
the span to obtain the required induced drag at low speed
coéuld .then be found from equation (2). 4 value of ay of

O.l1 per degree was used. From S and b, more accurate
valueg of ¢ could be found so that D/q could be computed,

The value of D/q at cruising sveed for each wing was
next found from equation (4), where the value of D,/a was
calculated from equation (5) for a 0O corresponding Hto the
cruising speed and the wing area. The value of Di/q was
then found from equation (1) for a wvalue of ¢ correspond-
ing to the ecruising speed. If the values of D/q calcu-
lated in this manner were not closse to the wvalue for the
basic wing, new values of root thickness ratio were assumed
and the calculations were repeated.

Successive approximations were repeated in this manner
until %he required values of SGLmax’ b, and D/q were ob-

tained. Two or three approximations were usually required.
The resulting dimensions and the values of D/g are given
in %tadble I. The amounts of washout required were a compro-

mise between a high CLmax and a low induced drag. In or-

der to investigate the effect of greater washout, calcula-
tions were made for a wing with camber increcase and wash-=
out with a taper ratio of 1/3, and with ¢ = - 4%, ©but
the regulis were not included in the table because the
wveight was excessively increased., It should be noted that
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the washout is "aerodynamic"; that is, it is measured, not
from the chord, but from %the zero-lift directions of the
root and the tip sections,.

Weight of thes Wings

The load factors for calculating the weights of the
wings were computed as specified in reference 8. A hizh
speed of 240 miles per hour was used with a gust of 30 fest
per second, as given for condition I in reference 8, The
lift~curve slope was computed from figure 2 of reference 4.
The wvalues of the limit-load factors =n, computed iIn this
manner, are listed in tadble I.

"The Oy to be used for calculating the load on the
wings wasg then found from

Cx = —g§~——— (6)

where Wg ig the gfoss weight;y W, the assumed wing

.weight; and g corresponds to a speed of 240 miles per
hour. The loed distridution per unilt length along the
span, v, was then found from ¥ = g ¢y ¢ where o¢; was

found as.in reference 4 from
c-b = GN 01'8..1 +'G-L_b (7)

For the winge without twist, ctb is zaro.

The wvalues of ey, and ctb were calculated from
-3 1

the load-distribution data given in reference 4 sc that
the variation of the lomd dlstribution with taper was
taken into account. From the distribution of load across
the span, the distridution of the shear and the moment
could be easlly found.

The shears and the moments were assumed to be carried
by & single spar with a simple type of structure as shown
in figure 3, so that the weights of the material could be
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found by an integration across the span. The torsion load
not eliminated by assuming the spar to be located at the
1ift center of each section may be considered to be car-
ried by the skin,

The rellieving loads caused by the engines and the fu-
selage were taken into account so that the total wing
weights were calculatod in the form

W= Wy -~ AWy + Wy - AWp + Wg (8)

The weights thus caleulated may not agree with the
weights of actual airplane wings because of the simple
type of struecture assumed and the improbadbility that all
the material will develop the stress assumed. The effects
of the assumptions should, however, be similar on all the
wings so that the correct relative welghts should be ob~
tainable,

The lozd distributions across the semispan of %he
wings, computed in the manner previously given, had the
form represented in figure 3. From the load, or cyc,

curves, the shears and the moments at any point ¥y salong
the semlspan were found from

/2
Fg = q d/ cyc &y (9)
¥
b/2
¥ = y/ﬂ Fs dy (10)

¥y

The shear bracing was assumed to have an angle of 45°, ag
shown in figure 3. For 'a unit length along the span dy
corresponding to a unit length of bracing dI;, +the weight
of the web willl bDe

FS dy - 2p FS ay
] ) 0.707s 0.707 s
where . _ ’

(11)

dWW=p—§dL=P
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P is the specific welght {(assumed %0 be an alumi-
num alloy weighing 0.1 pound per cubiec inch).

s, allowable stress.
£f, force in a diagon&lq

For & factor of safety of 1.5, the web welght for both
halvesg of the wing is then

Wy = 4 x 1.5-§-J Fg dy (12)
[o}

A conservatlve stress of 20,000 pounds per square inch was
assumed in calculating Wy.

In the calculation of the weight of the flanges, the
moment at any point along the svan was considered to be
carrled by tension and compression in the flanges. If F
ie the force in a flange (fig. 3) and if the effective
thickness of the beam +'!' is taken as 0.9 the wing thick-
ness, then the welght of a unit length of one flange will
be - :

A gy (13)

@wF =P E dy = » t1s

The weizht of upper and lower flanges for both halves of
the wing, with a facltor of safety of 1,5, 1s then

b/2
D "M
Tp = W5 = — 14
F4x15g/t,dy (14)
Q

From equations (12) and (14), the wed and the flange
welghts were found by graphlical integration of curves of
Fg and M/t' along the semispan. Values of 8 of 20,000
poundg per square inch for compression and 30,000 pounds
rer square inch for tension were used %o calculate the
flange weilghtsa,

In the calculation of the weight decrements due to the
relleving loads, the concentrated loads shown in figure 3
wore considered, and the useful loads were omitted to be conw-
servative. The shear was assumed %o be taken off at the
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fuselage wall so that half the weight of tho body Wg/2
acts at o distance Yy The welght of the body consgists

of the complete weight of the fusolage and the $ail, less
the useful load., The nacelles and the cowlling were includ—
ed in the power-plant welzhtg, Wpl and Wya, and the

landing-gear weight was included in WPI. The correct rel-

ative weights of the relieving loads were sestablished by a
weight analysls,

The 'relieving effect of sach load on the web weilght
is proportional +to the load times its distance from the
center. Then, from equation (11), the webwweight decrement
for both halves of the wing, with a factor of safety of 1,5
and a limit-~load factor =n, may be written

Ay = 5 (FE— yg *t wl’l 5 ot T‘!.PE, ya) (15)

The same value of & was used as in the web-welght calcu-
lation, '

The relieving effect of each load on the flange weight
is proportional to the moment times the distance of the
load from the center. Them if +%4% is 0.9 the root thick-
nessg, the welght decrement due to the relieving loads for
boeth flanges and both halves of the wing will be, from egqua-
tion (13),

4

LWy = 0 2

X
2 + W 2 + 2> 16
bt s yg® + Vp_ 7, Vp_ 7, (18)

The same values of g were used as for the flange—~weizght
calculgtion.

The final weight item ‘WC; which included the cover-
ing and all of the strucitural weight other than that of
the beam, was taken as s constant propcrtion of the wing
areae The net weightg of the various structural parts of
the wing and the total weights are listed in table I. As
each wing weight was found, it was compared with thé as-
sumed weight used in equatlon (6) and the calculations
were repeated until the wvalue of the ‘weilght assumed did not
affect the final welght. .
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RESULTS AND DISCUSSION

, From the dimensions and the characteristics of the
wings ligted in table I, the sffect of changes of the
taper and of the method to prevent tip stalling may be
noted, The effect of a change of the taper on GLmax

‘on the resulting area may be explained as follows. As the
taper is increased, ey, increages from the center to the
tip of the wing. In addition, the Reynolds Number de-
creases toward the tips so that, for the usual airfoll
sactions, decreases., The wvalue of is therew

and

cy Cy,
max maX
Dby reduced and stalling tends to start nearer the tips. A
greater amount of the means to prevent stalling of the tilps
must therefore be used to obtaln the deslired cy, margin,
a8 bthe taper ia increaged. The amount required may be
moasured in terms of the difference, at the center of the
wving, between czmax and the e correspondlng to _chax

(sbown by Acy in fig, 1). Thue, A4ecy increases with
taper, as listed in table I, Bocause of the foregoing ef-
fects, the areas also tend to increagse with the taper, as
shown in teble I.

The change in span required to obtain the desired 1ln~
duced drag for the low-speed condition depends only on the
value of the Induced-drag factor u for wings without
twlst. As the value of wu, which is a measure of the
change of induced drag with taper for wings without twilet,
changes only slightly with the taper, the span varies only
slightly, as shown in table I. The wings with washout,
however, require a greater change in span owing to the
twist, as may be secn from equation (2) and as given in
the table.

The incerease in area with increase in taper previous-
ly mentioned requires a reduction in thickness to obtain
the required low value of the profile drag at the cruising
condition, The exact value of profile drag required also
depends on the induced drag at cruising speed, as the to-
tal drag must have a2 fixed value. This induced drag tends
to be adversely affected by an increase in taper or in
washout. The combined effect of washout and taper is apvpre-
ciable for the wings with washout and camber increase, as
shown by the valwes of Di/q in the table. The foregoing
iffects cause the regquired thilckness to decrease with the

aper,



N,A.C.A, Technical Nofte No. 713 i3

When the thickness was changed to make another approx-
imation in the calculation of the characterigstiecs of the
wings, Op .. Was affected as well as the drag. Whether

the change increased or decreased chax depended on the
thickness ratio near 0.7 /2 and on the corresponding

ctmax The effect may be predicted for any particular
case from figure 55 of reference 6, which shows the varia-
tion of czmax with %hicknegs ratio., A decrease in root

thickness ratio usually increased CLpax®

For the wings with camber increase, the increase 4n
camber toward the tips incrsased Y max and produced

higher GLmax values and lower arcas, As some sharp lead-

ing edge was used for all the wings to obtain the degired
¢y, margin, the wings should be comparable in thelr avold-
ance of tip stalling,

For the wings with washout end camber increase, the
desired margin could have been obtainsed by more washout
but the induced drag would have been too greatly increased.
Small amounts of washout were used, as llsted, and the cam-
ber was increased from 3 to 4 percent of the chord as the
taper reftio changed from 1/2 to 1/3. ¥No further increase
in camber for the wing of taper ratio 1/4 was used because
it would have produced no further increase in ctmax'

With reference %o the weights of the wings, it may be
noted that the lowest weights were obtained for the wiangs
with camber increase and washout. The lowest weight is in~
dicated for a taper ratio between 1/2 and 1/3, as may be
seen from filgure 4. In order to determine whether the low-
est welght had been approached, the case of taper ratio
1/3 with washout and camber increase was investigated with
twice as much washout, or 4°, The increzse in washout re-
quired a reduction in thickness to obtain the desired drag
at cruising speed and an increase in span to maintain the
desired induced drag at low speed. The result was a con-
slderable increase in weight. : o

If thls analysis were applied to wings of other size,

GLmax and D, would be affected by the change in Reynolds

Number, but it is believed that considerable varigtion in
size would be possible without altering the conclusion as
to the best taper ratio. The numbsr of engines is also of



glight importance because the effect of their relieving
load on the wing weight 1s small, It is also believed
that, for the thilickness ratlos in common use, the selec-—
tion of a different thickness ratio for the basic wing
would not appreciably alter the concluslons,.

As an aid in similar caleunlatlons and to show the ef-
fect of washout on GDi’ the change in GDi due to wash-

out has been plotted in figures 5 to 7. The lncrease in
GDi may be congidered to consist of two parts, which may

be found by dividing the last two terms of esguation (1) by
aS. The w(e ag term is the increase in Op, for Of =

0 and varies mainly with €2 as w does not vary much
in the usual range of taper ratios. (See fig. 6 of ref-
erence 4,) The term v € 8o O contributes a positive or
a negative increment depending on the sign of v eXcept
that, for the elliptical wing, v = 0 and A4Cp; does not

vary with Op. For the tapered wings, howsver, O40p in=-

creases with O for taper ratios less than about 1/2, as
may be seen from figures 5 to 7.

For taper ratios approaching 1, AGDi becomes nega-~

tive for high wvalues of 0 as shown by figure 7, which

means that an elliptical span loading ls approached owing
to the washout. Valuesg of AGDi for other aspect ratios

and taper ratios, for either washin or washout, may be cal-
culated from reference 4. -

The wvalues of AGDi gliven gre for wings with linear

twist digtridbution along the span. Wings are commonly
constructed using strailght-line elements between corre-
sponding polints of the root and the tip sections. For such
& construction, the twist distribution is nonlinear and,
for a given washout at the tip, ACp; is less than for a

linear twist distribution. As an illustration of the order
of magnitude of the difference that the type of twiet dis-
tribution may produce, values of ACDi are given in fig-

ure 8 for wings with trapezoidal tips and with the two
types of twist distribution. As may be seen, the differ—
ences are. small, With reference to the effect of the type
of twigt digtribution on the 1ift distribution, and hence
on the margin against stalllng of the %ips, itmmay be said
that the amount of washout required is subdstantially the
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same for the two types of twist distribution for taper
ratios between 1/3 and 1.0.

From the present paper and from the data given in
reference 4, sgimilar calculations can be made for wings
of any size and for any asrodynamic conditions., Analyses
should probably be made for wings with partisl-span flaps
and other high-1ift devices.

CONCLUSIONS

For wings within the range of thickness ratios com-
monly used, desisned to be aerodynamically egual, and with-
tip stalling avoided by the methods considered, the re-
sults of this analysis indicate that:

1, The optimum wings (the wings of the lowest weight)
are obtained when tip stalling is prevented by the use of
moderate waghout combined with an increase in camber of
the airfoll sections from the center to the tip.

2, The optimum wings have a taper ratio between 1/2 .
and 1/3.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautiles,
Langley Field, Va., May 3, 1839.
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APPENDIX oo

Symbols

wing area.

span.

span o6f basgic wing.
aspect ratio, 1bv2/S.

chord at any sectlon along the span.

aerodynamic twist, 1In degrees, from roo% to %ip,
measured between the zero-lift directions of
the center and the tip sections, negative for
washout,

distence along the span measured from the center.

‘see figure 3.

section lift~curve slope, per degree.

gection 1ift coefficient: e} = Gla + ctb.

aerodynanic

S
= £80°
°ly = o TP

l1ift coefficient due %o

twist (computed for Cp, = 03
11£%t coefficient due to

GL; c-”a = CL c"'al'

part of angle of attack

at any

prart of 1ift coefficient due to
for GL = l.o: La_-

angle of attack

= S
®Tay = ©b
additional and basic load distridbution parameters.

(Values of L, and I were taken from ref-
erence 4 to obtain the load distributions.)

airfoll gsectlon maximum 1lift coefficient.

airfoill section profile-dreg coefficient.
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wing normal-force coefficient (taken egqual %o
GL)I
wing 1i1ft coefficient.

wing maximum 1ift coefficient.

wing profile-drag coefficient.
wing induced-drag coefficient.

increass in wing induced~drag coefficient due
to aerodynamic twist.:

total wing drage.

wlng profile drag,.

wing induced drag.

induced drag of the basic wing.
induced~drag factors (reference 4).
limit-load factor.

lodd distribution per unit length alons the
span. - ’

aiéplane gross welight. -
wing_weight.

W, F, and ¢ refer to web, flange,
and cover welicghts, respectively. ) )

refers to a weight decrement due to relleving
loeads.

shear force at any point along the span,.

bending moment at aﬁy polnt along the span,.

specific weight (of aluminum alloy, 0.1 1b./
cu, in.).
allowabhle stressa.

effective thickness of beam a% any point along
sPan.
effective thickness of beam at center of wing.
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TABLE I ~ SUMMARY OF RESUILS

Canter Area Span | Root Tip 8200t Tip Asrodynamic
stall Taper| S Aspect| b chord, | chord, | airfoil | airfoil Ae washout
obtained |ratio ratio, | . cs et | section | section l at tips
by - (Bq.ft‘) A. (ft.) (ftn) (ft-) H'A'c‘Al NlAlclAl (deg')
Sharp 1/2 | 2,132 | B.93 | 138.0 {20,91 | 10.46| 23015.4 | 23009 0.16 0
leading 1/3 | 2,200 | 8.68 | 13B.2 |24.30 8.07 | 23014 23009 36 0
edge 1f4 | 2,350 | 8.16 | 13B.5 [27.28 6,82 | 23011 23009 .43 0
Washount
end sharp | 1/2 | 2,090 | 9.13 | 138.1 [20.48 | 10.234| 23015.5 | 23009 e 2
leading 1/3} 2,194 | 8,77 | 138.8 [23.89 7,961 23013.3 | 23009 - 1
edge
Washout,
‘;a“‘be"a 1/2 | 2,082 | 9.15 | 138.0 |20.40 | 10.20} 22016 33008 — 1
agg":’* S0 1/3 1 2,080 | 9.%2 | 139.2 (22,55 7.52 | 23014 43009 - 2
Lo adingh"-‘? 1/4} 2,148 | 2.16 | 140.2 |34.62 6,16| 23012 43009 — 2
edge (*sections [with sharp leading pdge.)
Center Cy, at {wing Limit~ | Weight of] Weight | Weight of
stall eruis~| 1oad- | load |flenges, | of web |covering | Total
obtained |Dgfa | Difq D/a | ing |ing factor, and Vaight
by - apeed / bracing
w/s n -0 Fy-Ln L v

ey | | (b.)
Sharp 12.7 | 7.4 | 20.1 | 0.308 |20.0 3.98 | 5,930 624 | 2,533 9,087
leading (12.8 | 7.4 | 20.2 300 | 29.1 3.0¢ | 5,57 616 | 3,614 8,801
edge 12,7 | 7.4 | 20.1 281 | 27.3 3,15 | 6,202 607 | 2,790 9,599
¥ashout
and sharp [12.6 | 7,6 | 20.2 316 | 30.6 2.93 | 5,465 583 | 2,481 8,528
leading |[18.6 | 7.5 | 20.1 300 | 29,2 3.03 | 6,666 B92 | 2,606 8,864
edge
Washout,
fambor 11270 7.4 | 200 | .87 {307 | 291 | 5,5 599 | 2,474 8,594
and ohan, | 12+4 | 7.8 | 20.2 317 | %0.8 | 2.93 | 5,295 568 | 2,470 8,433
leading = |12+8 | 7.9 | 20.3 307 | 28.8 2.98 | 5,904 565 | 2,551 9,020
adge

QT4 *ON ©31C0N T®2TUYIeL *‘YV'D°V'N
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Pigure l.~ Calculated stall of wing with sharp leading edge; tapsr-ratlo, 1/3 .
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Figure 3.~ Spar structure and loads on wing.
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Figure 5.~ Increase in induced~drag coefficient due to linear washout; rounded-tip

wings; taper ratio, 1/3.
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